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Abstract 
In nature there are several examples of nanometer sized gateways able to control the passage 
of molecules and other substances with remarkable precision. This has inspired research in 
trying to create nanoscale openings which resemble such gateways. To gain functionalities 
similar to what is available in nature it is necessary to functionalize such mimics with soft 
materials. One candidate for such functionalization is polymers, as these posses a lot of the 
characteristics desirable to mimic biological systems.  
This thesis is focused on how polymers behave at interfaces and how polymer surfaces can 
be prepared and characterized. Different approaches to functionalize surfaces with two kinds 
of polymers is described:  poly(ethylene glycol), which e.g. can be used to reduce non-
specific adsorption of serum by up to 97 %, and poly(N-isopropylacrylamide) which can be 
used to create thermoresponsive surfaces with tunable thickness. The approaches involve 
"grafting to", when polymers are attached to a surface using material specific end-groups, and 
"grafting from" where a radical polymerization scheme is used to grow the polymer direct ly 
from the surface. The formed brushes are characterized using different methods, such as 
surface plasmon resonance and quartz crystal microbalance with dissipation, and the basis of 
these methods are presented. In particular new ways to use surface plasmon resonance for 
height determination is utilized and discussed. 
The protocols described in this thesis is intended for implementation with plasmonic  
nanostructures, in particular nanopores, to create different kinds of passive and active 
nanoscale gates with uses in bioseparation and biosensing. 
 
Keywords: polymer brush, poly(ethylene glycol), poly(N-isopropylacrylamide), grafting, 
surface plasmon resonance, protein adsorption, nanopores. 
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1. Introduction 
In our cells and throughout nature there are several examples of macromolecular gated 
channels, with diameters ranging from a few to roughly 100 nanometer, which control the 
passage of molecules, ions and proteins between different compartments. This could for 
example be pores facilitating the passive transport of water across the plasma membranes in 
response to osmotic gradients[1], ligand-gated channels which open via neurotransmitter 
binding allowing ions to flow and generate nerve impulses[2], mechanosensitive channels 
maintaining the physical environment of bacteria[3, 4], pore forming proteins from 
pathogenic bacteria causing cells to leak and die[5, 6] and the nuclear pore complexes 
regulating the traffic in and out of the cell nucleus.[7]  
  The fascinating function and precise machinery of these channels has brought inspiration 
to areas of nanotechnology, hoping to: mimic these systems with synthetic counterparts[8-11],  
use these biological pores or genetically modified versions,[12] as well as a combination of 
both approaches.[13-15] The most common use is in trying to use nanopores (synthetic and 
biological) to sequence DNA.[13, 16-18] Another highly interesting area is trying to mimic 
the selective transport of molecular species, to create sieves and gates that control the passage 
of molecules across a synthetic membrane.[15, 19-24]  
These mimics can be either single nanopores, as in the case of DNA sequencing applications 
and single molecule measurements, or an array of holes, which is normally what is used when 
trying to develop membranes for e.g. filtering. One type of hole array which so far has not 
been utilized when trying to make such filters is plasmonic nanopore arrays. The word 
plasmonic describes the optical phenomenon when these hole arrays interact with light, 
exciting so called surface plasmons. Surface plasmons are sensitive to changes in the 
refractive index close to the surface and can therefore, compared to other arrays of pores in 
e.g. polycarbonate, be used as a label free way to detect molecular binding. 
Since these plasmonic nanopore arrays are solid state structures they're not very "living" in 
their nature. To gain functionalities similar to what is found in nature it is therefore important 
to combine the structures with some other softer material. One candidate material for such 
modification is polymers. Polymers are macromolecular nanostructures which can be utilized 
as building blocks when trying to create these mimics and have a wide variety of uses 
depending on their molecular composition. Some can be used to make implants less foreign to 
the body's immune response, while others have conductive properties which can be used to 
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e.g. create light emitting diodes, and there are also polymers that can change their properties 
as a response to some external stimuli such as light, temperature or pH.[25]  
To create nanohole array structures functionalized with polymers it is important to first 
understand how these polymers behave. This could be physical properties, such as extension 
from a surface, but also how the polymers behave in contact with biological components such 
as proteins found in serum. A reasonable approach is therefore to first develop ways to attach 
polymers with the desired properties to the surface of interest and then characterize these 
functionalization protocols on flat surfaces, as it allows the use of surface characterization 
tools. In a later stage these protocols can be transferred to plasmonic nanostructures in order 
to create e.g. functional nanopores.  
In this thesis I will present the work in developing and characterizing surface 
functionalization protocols using polymers. The polymers have been characterized at the 
surface, using methods such as surface plasmon resonance (SPR) and quartz crystal 
microbalance with dissipation (QCM-D), to better understand their properties. The final aim 
of the obtained protocols is to apply them to plasmonic nanopore and nanohole array 
structures; in an attempt to create improved biosensors and filters.  
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2. Polymers 
"A molecule of high relative molecular mass, the structure of which essentially 
comprises the multiple repetition of units derived, actually or conceptually, from 
molecules of low relative molecular mass."[26]  
A polymer is a repetition of smaller subunits, so called monomers. Polymers can be both 
linear or branched and may also be composed of more than one kind of monomer  (in the case 
of copolymers). In this thesis, however, the work and focus is on linear polymers formed from 
a single type of monomer. Polymers can be described according to their chemical 
composition, but to describe how polymers behave in solution a larger picture is more of 
interest.[27] In this larger picture the polymer can be characterized by its monomer size, a, 
and the degree of polymerization (number of monomers in the chain), N. This way of 
describing polymers leads to so called scaling laws, which predict how the polymer size 
scales in solution or at a surface depending on its degree of polymerization. 
 
2.1 Polymers in solution 
A polymer in solution will adopt a coil structure since the energy of such a structure is lower, 
compared to e.g. a stretched chain, due to increased entropy. The free energy of such a coil in 
solution can be described as the sum of the effect of excluded volume entropy (the chain 
wants to avoid itself), the entropy loss from stretching the chain (similar to stretching a 
spring), and the interactions between solvent and polymer: 
 
 
      
     
 
    
 
    
   
  
 
     
   
  
          (1) 
 
Where r, is the radius of the coil and, χ, the solvent interaction parameter describing the 
different interaction energies between polymer-polymer, solvent-solvent and polymer-solvent. 
At the minimum free energy, with respect to r, we find the expression of the radius of such a 
coil: 
 
            
         (2) 
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Eq. 2 forms the basis for explaining the "cloud point" grafting described in section 2.4.2.  It 
should be noted that for χ < 1  (good solvent) we get the scaling law of Rcoil ~ N
3/5
 as shown 
by Flory.[28] If χ = 1 it can be seen from Eq.1 that only the energy contribution of stretching 
the chain will remain, as all other effects cancel (this is known as the theta condition), and the 
polymer will have an average end-to-end distance corresponding to that of a random walk 
(Rcoil ~ N
1/2
) in the freely jointed chain model.[27]  
 
 
Figure 1. Illustration of a polymer coil in solution. The size of the polymer coil in a good 
solvent can be described by Eq.2. 
 
2.2 Polymers at interfaces 
When linear polymer coils are attached to or grown from an interface they can adopt different 
structures. The structure will depend on the density of the attached polymers at the surface 
and its degree of polymerization.[29, 30] If the density of polymers at the surface is low, 
meaning that the distance, D, between neighboring coils is larger than their radius, the 
polymers will just be discrete coils, also called "mushrooms", with a height ~ Rcoil (assuming 
that we have a good solvent).[30] However, if the distance between coils is much smaller than 
their radius a polymer "brush" confirmation will be adopted instead (Fig. 2). In the brush 
regime the polymer is stretched from the surface into the medium.[29, 30] All of this can, in 
similarity with a coil in solution, be described by the free energy of the polymer chains at the 
interface:  
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This expression is derived by replacing r in Eq.1 with the height of the polymer brush, h, and 
the fact the volume that one coil occupies can be written as h/ Γ  instead of r3 for the excluded 
volume and the solvent interactions. Here   is the surface coverage of polymers (polymer 
chains/area). 
 
Figure 2. Illustration of the different regimes found when attaching polymers to an interface. 
At low surface coverage (D > Rcoil) the polymer will behave as "mushrooms" while at high 
grafting densities (D << Rcoil) the chains will stretch from the surface, forming a polymer 
"brush".  
 
At the minimum free energy, with respect to h, we find the equilibrium height of the polymer 
brush: 
 
 
   
 
 
 
   
      (4) 
 
As can be seen from Eq. 4 the height of a polymer brush is a linear function of the degree of 
polymerization, if the grafting density is kept constant (which might be difficult depending on 
the grafting method used). Compared to the radius of a coil in solution (Eq. 2) which "only" 
grows with N
3/5
,
 
 the height of the polymer at the surface will for high grafting densities be 
much greater than the radius in solution; entering the strongly stretched regime.  
 
In paper I we compare poly(ethylene glycol) brushes to Eq. 4 and find good agreement for N 
ranging from 45-450, creating strongly stretched brushes using a simple grafting method. 
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2.3 Polymer segment density profile from surface 
The model for a polymer brush described in the previous section implicates that the all of the 
free ends of the brush will be located at the maximum distance from the surface. It also 
implicates that the segment density of the brush is constant throughout the brush and drops to 
zero once the distance exceeds the brush height. This is, however, not a true description of the 
segment density profile and it has been shown, using self consistent field theory, that it 
follows a parabolic density profile:[31] 
 
             (5) 
 
Where C is the monomer density (monomers/volume) and A and B two constants. Using the 
condition that the maximum height for the parabolic brush, Hparabolic, is 1.3 times the height of 
the height found using the free energy argument, and the fact that the total amount of 
monomers should be the same for both models,[31] we can generate the more physical 
monomer density profile for a polymer brush (Fig.3). 
  
 
Figure 3. The monomer density profile in the case of the brush described in Ch. 2.2 (dashed 
line), compared to the parabolic profile (solid line). Both profiles were generated from 
heights measured of a 10 kDa  poly(ethylene glycol) polymer brush. 
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2.4 Polymer functionalization of interfaces 
 In biointerface science there is a constant need for new methods to functionalize surfaces to 
gain new functionalities. When working with surface based biosensors one of the main issues 
is the selectivity and ability of the sensor surface to reduce non-specific binding of 
molecules.[32] Non-specific binding refers to the fact that the signal in surface based 
biosensors is, if no measures are taken to prevent it, a mixture of both specific binding 
(molecules binding to receptors) and non-specific (molecules binding to the surface but not 
selectively via the receptors present) (Fig 4). To prevent non-specific binding several 
approaches, often involving polymers, have been tested.[32]  
   Another area of interest is the functionalizing of surfaces with stimuli responsive polymers 
i.e. polymers that react to some external stimuli, going from an extended to collapsed state, in 
order to create so called "smart" surfaces.[25] These surfaces could for example be used to 
regulate cell and protein adhesion.[33, 34] 
There are several methods used to functionalize surfaces with polymers.[35] The ones used 
in this thesis is referred to as "grafting to" and "grafting from". Both methods have their 
benefits and disadvantages which will be discussed in the following sections. 
 
 
Figure 4. Illustration of the use of polymers in order to reduce non-specific binding. Without 
the polymer the non-specific molecules can bind to the surface and will be detected by surface 
sensitive techniques.  
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2.4.1 Grafting to 
In "grafting to" polymers synthesized with some reactive end group is utilized. The end group 
could e.g. be a thiol which is reactive towards gold surfaces, or a silane which will bind to 
silicon oxide.[32] The benefits of using a grafting to approach is that the polymer is 
synthesized in solution, making it possible to have well characterized polymers with known 
molecular weight and polydispersity which can e.g. be compared to scaling laws. However, 
the problem with grafting to is that it is difficult to reach a high surface coverage of polymer 
since the process is self limiting; chains which bind will sterically hinder new ones from 
attaching (Fig. 5). Often a high enough surface coverage to form a polymer brush is never 
reached and instead the polymers adopt the "mushroom" configuration explained in Ch 2.2. 
To reduce the sterical effect so called "cloud point" grafting can be used. 
 
2.4.2 Cloud point grafting 
In cloud point grafting, which is a form of grafting to, the solvent interaction parameter is 
changed either by temperature, ionic strength, or both.[36, 37] In doing so, the coil in solution 
will shrink due to the less favorable interactions of the polymer with the solvent, and/or the 
more favorable interactions between polymer segments and between solvent molecules; 
increasing χ in Eq. 2. The ability of different salts to reduce the solubility of polymers is 
thought to be related to their polarizability and interactions with the inner hydration layer[38, 
39] but is still debated.[40] The main message is that by using a "cloud point" strategy it is 
possible to shrink the polymer coils in solution. As mentioned, the disadvantage with using a 
grafting to approach is the fact that once chains have attached to the surface they will 
sterically hinder new ones. Decreasing the radius of the coils will reduce this effect; allowing 
higher grafting densities to be reached. (Fig. 5) 
 
In Paper I we used a 0.9 M solution of Na2SO4 to graft poly(ethylene glycol), providing a 
simple method to reach relatively high grafting densities (compared to combinations of 
heating and ionic strength) 
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Figure 5. Illustration of the difference of grafting in a good solvent or close to the cloud 
point. In a good solvent the larger radius of the coil will impose steric limitations on the 
grafting density. Close to the cloud point the radius of a coil is much smaller, allowing more 
coils to be grafted. 
 
2.4.3 Grafting from 
Another method to overcome the self limiting nature of the grafting to approach is to use a 
"grafting from" approach instead. In grafting from the polymer is synthesized from the 
surface, starting with an initiating layer anchored to the surface.[41-43] This allows for higher 
grafting densities to be reached, since the sterical effect is limited due to the fact that the 
polymer is grown from the surface, monomer by monomer. The synthesis is often some sort 
of surface initiated (SI) radical polymerization reaction[42], with one of the most commonly 
used being atom transfer radical polymerization (ATRP).[41, 42] ATRP was invented in 
1995[44, 45] and is based on the use of a transition metal catalyst complex, able to both active 
and deactivate propagating radicals, to achieve a more controlled polymerization reaction.[46] 
The reaction can be divided into three parts: the reversible equilibrium of the transition metal 
complex to form radicals, the growth of polymers chains by reacting with monomers in 
solution, and chain termination of propagating chains (Fig. 6 and Fig.7). 
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Figure 6. Mechanism for ATRP  (without step 2) and ARGET-ATRP (step 2 added). The 
alkyl-halide, Rn-X, undergoes atom transfer with the transition-metal complex, CuI-X/ligand,  
forming a radical, Rn*, which can propagate and grow by adding monomers, M. The 
transition-metal complex will both activate and deactivate radicals, to ensure a more 
controlled level of radical chains. In ARGET-ATRP a reducing agent is used to compensate 
for the loss of activators, due to termination reactions, by converting deactivators back to 
activating complexes. 
 
A version of the reaction is termed  activators regenerated by electron transfer (ARGET) 
ATRP.[47] The difference compared to conventional ATRP is that instead of adding a 
mixture of the catalyst in its activating and deactivating state only the deactivator is added. By 
using a reducing agent, such as ascorbic acid, the deactivator can then be reduced to the 
activator and also regenerated during the reaction. This is beneficial since smaller amounts of 
catalyst can be used and the reaction is also less sensitive to oxygen since the reducing agent 
will also be a scavenger for oxygen.[48, 49] 
 
In paper II ARGET-ATRP is used to grow thermoresponsive polymers at gold surfaces and 
the reaction is studied in real time.  
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Figure 7. Illustration of the principle of grafting from using ATRP. The chains grow from the 
surface with new monomers reacting with the active radicals (stars). The 
activator/deactivator (green/red circles) helps to ensure that there is a limited amount of 
active radical chains at the time, to yield a more controlled polymerization. 
 
2.5 Poly(ethylene glycol)  
Poly(ethylene glycol) (PEG), a polymer consisting of repeats of ethylene glycol, could be 
considered a quite simple molecule. However, it has shown great use in several areas of 
biotechnology and biomaterials. It is non toxic and known to be reduce the immune response 
of molecules functionalized with it, "camouflaging" them.[50] Early studies of the interaction 
of PEGylated surfaces with blood samples showed that the polymer had an excellent ability to 
reduce the amount of proteins bound to the surface.[51]  
 
2.5.1 Protein rejection of PEG 
Different theories have been proposed to explain the protein rejecting nature of PEG. Early 
theories claimed that the PEG chains, being very mobile, does not allow proteins to be in 
contact for a sufficient time to bind (in this case to the surface of the PEG hydrogel), and also 
that proteins binding will reduce the available volume for the polymer chains.[52] Another 
theory is that of steric stabilization.[53] It explains the rejection of proteins by the fact that 
when the polymer is compressed there will be a elastic (due to the decreased entropy of the 
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polymer) and osmotic (due to the increased osmotic pressure in the compressed coil) restoring 
force which will be greater than the energy gain of protein binding.[53] Such stabilization 
predicts that the protein resistant properties would be more correlated to the grafting density 
than the degree of polymerization of the chains.[53] Further theoretical work have shown that 
if the grafting density is kept constant there should be no difference in the amount of adsorbed 
proteins for chains of N > 50, for proteins with a size of ~ 5 nm.[54] The degree of 
polymerization when this indifference to N occurs will depend on the size of the adsorbing 
protein. However, even though the chain length becomes irrelevant for the equilibrium 
amount of protein adsorbed, it will still dictate the kinetics of the binding. With larger chains 
showing slower kinetics for protein adsorption, as they create greater kinetic barriers.[54]  
In paper I we study the adsorption of serum proteins to gold surfaces grafted with PEGs of 
different molecular weight. These results indicate that all surfaces grafted with a density 
greater than 0.38 chains/nm
2 
show very good protein rejection (> 95 %). The 10 kDa PEG 
showed the best protein rejection while 2 and 5 kDa gave similar values on the timescale that 
the surface was probed. We argue that this might be due to the fact that the 10 kDa PEG does 
indeed form a greater kinetic barrier compared to the shorter PEGs. In comparison to a self 
assembled monolayer, with 6 ethylene glycol units at the end, the PEGs with a molecular 
weight up to 10 kDa also provide better protein rejecting properties, which agrees with 
theoretical predictions.[55]  
 
2.6 Poly(N-isopropylacrylamide)  
Materials which change their properties as a result of external stimuli offer exciting 
opportunities for mimicking the responsive aspects of nature (such as the mechanics of 
ligand-gated channels). Responsive polymers are macromolecular nanostructures which 
undergo some conformational or chemical change due to an external stimuli, such as pH or 
temperature, making them perfect building blocks for such mimics. Their responsive 
properties are relevant for and open up new possibilities in e.g. the fields of nanoactuation, 
bioseparation and biosensors.[25] One example of such a macromolecular building block is 
Poly(N-isopropylacrylamide) (PNIPAM). PNIPAM is a thermoresponsive polymer which 
undergoes a characteristic collapse at 32 °C in water. First synthesised in the 1950s[56] (then 
suggested to be an effective rodent repellent) PNIPAM still attract much attention in various 
applications. In particular, brushes of PNIPAM has been used for regulation of cell adhesion, 
switchable gating and creation of smart surfaces.[57, 58]  
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The characteristic collapse of PNIPAM is related to which thermodynamic parameter that 
dominates the thermodynamic equilibrium. At room temperature the equilibrium is dictated 
by the enthalpy (hydrogen bonds to the water), but once the temperature is increased past the 
collapse temperature the entropy loss of the coordinated water surrounding the polymer will 
instead be the dominating term; causing a phase separation.[59] The collapse will for this 
reason be accompanied with a change in hydrogen bonding, where polymer chains instead of 
hydrogen bonding with water, start to hydrogen bond with other chains.[60, 61] This also 
explains the hysteresis which can be observed when heating and cooling PNIPAM. The 
"swelling" will seem to occur at a lower temperature than the collapse since the hydrogen 
bonds formed within the polymer needs to be broken (an analogy would be that it usually 
takes longer to unravel a ball of tape than to ravel it).  
 
In paper II we study the growth of PNIPAM from gold surfaces, using a grafting from 
approach, in real time. The formed brushes are characterized to determine their height, 
refractive index and volume fraction of polymer. Also, the collapse of the polymer is 
investigated to get a better understanding of how the height changes during the process. 
Information which will be useful when implementing PNIPAM in attempts to create active 
gates.  
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3. Characterization methods 
3.1 Quartz crystal microbalance with dissipation monitoring 
The quartz crystal microbalance technique is based on the use of the converse piezoelectric 
effect, where an applied voltage across a piezoelectric material induces stress.[62] By 
applying an AC voltage, with a frequency close to the resonant frequency of the crystal, 
between the two sides of a AT-cut quartz crystal it is possible to excite resonance in the 
crystal when the frequency generates a standing wave in the crystal. The resonance condition 
occurs when the standing wave produced by the expansion and contraction is an odd integer 
of the thickness of the quartz plate:[63] 
 
    
  
   
   (6) 
 
With the speed of sound in quartz, vQ (=3340 m/s), and a 330 µm thick quartz plate, tQ, we 
find the fundamental frequency (n=1) to be ~ 5 MHz. The overtones will be the odd integers 
of this frequency (n = 3,5,7...).  
The first demonstration of using a quartz crystal microbalance to measure the mass added 
upon it was by Sauerbrey in 1959.[64] Sauerbrey showed that the change in frequency of the 
oscillating crystal was proportional to the mass if it was: small compared to the weight of the 
crystal, rigidly adsorbed, and evenly distributed over the sensing area. The so called 
Sauerbrey relation relates the added mass to the change in frequency under these 
circumstances:  
 
 
     
 
 
 (7) 
 
Where C is a sensitivty constant related the change in frequency to the adsorbed mass per area 
unit. For a 5 MHz crystal the sensitivity is ~ 17.7 ng cm
-2
 Hz
-1
. The main difference with 
conventional QCM techniques and quartz crystal microbalance with dissipation monitoring 
(QCM-D) is the ability to not only measure the change in resonance frequency, f, but also the 
changes in energy dissipation, D.[65] This is achieved by periodically switching off the 
driving power to the crystal, using a "ring-down" method,[66] and recording the voltage of 
the freely decaying resonator (Fig. 8). By monitoring the decay of the oscillations, and fitting 
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it to a exponentially damped sinusoidal, it is therefore possible to obtain information about 
how fast the energy in the crystal is dissipated:[65]  
 
          
                (8) 
 
Where, D, is related to the decay as: 
 
  
 
   
 (9) 
 
The ability to measure not only the change in frequency but also the dissipation becomes vital 
when working with viscoelastic films such as polymers. This is related to the fact that the 
Sauerbrey relation is only valid for rigid films. A guide to when a  film can be considered 
rigid is if the ratio of the dissipation and frequency, ∆D/Δf, is smaller than 4*10-7 Hz-1 for a 5 
MHz crystal.[67] If this is not the case then other, more complex, models needs to be used in 
order to characterize the response. 
 
 
Figure 8. (A) Illustration of the principle of QCM. Applying a voltage across a AT-cut quartz 
crystal induces shear strain. The direction of the strain will depend on the polarity of the field 
which is applied so by applying an alternating voltage it is possible to oscillate the crystal. 
When the frequency generates a standing wave in the crystal resonance will be excited. (B) If 
the voltage is periodically turned off both the frequency and dissipation of the crystal can be 
determined by fitting to a exponentially damped sinusoidal, which is utilized in QCM-D.  
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3.2 Snell's law and total internal reflection (TIR) 
When light encounters an interface of a material with a different refractive index, n2, than 
what it is currently traveling in, n1, it can either be reflected or transmitted through the 
material. According to Snell's law, light which crosses the interface will be refracted and 
follow: 
 
                 (10) 
 
Where the indices ϴi and Θt denote the incident and refracted angle. If the material 
encountered has a smaller refractive index (n2< n1) there will be a certain critical angle, Θc, 
where the light is refracted to the degree that no light will be transmitted (        , instead, 
all of the incident light will be reflected. This phenomenon is known as total internal 
reflection (TIR). 
 
            
  
  
  (11) 
 
Even if all of the incident light is reflected back during TIR, an evanescent wave which 
decays in amplitude from the interface is transmitted into the encountered material. This 
evanescent field can be utilized to e.g.  couple to surface plasmons, as will be described, or to 
excite fluorophores only present close to the interface (inside the evanescent field). The TIR 
angle can also be utilized to determine the refractive index of a material or medium. Since the 
refractive index, n1, is typically known (it can e.g. be the refractive index of the prism used) it 
is possible to determine the refractive index of the less optically dense medium by measuring 
the angle at which TIR occurs. This is the basis of many commercial refractometers.  
 
In Paper II we utilize the angle of TIR from surface plasmon resonance spectra to determine 
the change in refractive index when injecting a solution of bovine serum albumin (BSA), and 
also to compensate for changes in refractive index with temperature. Thus allowing us to 
determine the thickness of PNIPAM, both in the collapsed and extended state, when used in 
combination with the information from the surface plasmon resonance spectrum. 
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3.3 Surface plasmon-polaritons 
When light encounters a material with mobile surface charges, such as the free electrons at the 
surface of certain metals (e.g. gold, silver and aluminum), it can interact with the material and 
transfer its energy if both the energy and momentum of the incoming photon is matched. The 
electromagnetic modes that arise from this interaction are known as surface plasmon-
polaritons (SPPs).[68] Such modes will propagate at the interface between a dielectric and a 
metal, until their energy is dissipated as heat, and are evanescently confined in the direction 
perpendicular to the surface, i.e. they're located close to the surface of the metal.[69] 
 
3.3.1 Dispersion relation 
For a semi-infinite metal surface with dielectric function, εm = Re(εm) + Im(εm), adjacent to a 
dielectric medium, εd, Maxwell's equations yield:[70] 
 
    
  
  
   
  
 (12) 
and: 
 
   
 
 
 
 
   
     
  (13) 
 
Where kx and kzi is the x and z (in both the dielectric and the metal) components of the surface 
plasmon wave vector. The two expressions gives the dispersion relation for a SPP: 
 
 
         
 
 
 
        
         
 (14) 
 
For a metal-dielectric interface with: Re εm) < 0, and 1 <εd < |Re εm)| it can see that kSPP  
will always be larger than the dispersion of a photon travelling in the medium i     
 
 
  . This 
means that in order for light to couple to surface plasmons some way to increase the x-
component of the wave vector is needed (Ch. 3.3.3).[68] 
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3.3.2 The decay length 
Another implication of the fact that kSPP is always larger than the dispersion of the photon is 
that the z-component of the wave vector will be imaginary in both adjacent medium (kzi
2
 will 
be negative in Eq.13). Meaning that the surface plasmon will decay exponentially from the 
interface, into both media.[70] Close to the surface the field will be at a maximum. Usually 
the term decay length or "skin" depth is used in SPR literature. This is defined as the distance 
from the surface that the field intensity decreases with a factor 1/e.[70] The value where this 
occurs can be written as: 
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Where δd  and δm is the decay length of the surface plasmon in the dielectric and the metal 
respectively.  
 
In both paper I and II the fact that the penetration depth is greater than the polymer layer 
attached to the surface is utilized to determine the height of the attached layer. By flowing a 
solution of proteins, which will occupy the electromagnetic field available above the polymer, 
it is possible to obtain both the thickness and refractive index of the polymer layer with two 
different approaches. 
 
3.3.3 Prism coupling 
As described, a photon traveling in a medium i will under normal circumstances always have 
a smaller wave vector than that of the SPP. This means that light cannot couple to the SPP 
since the energy and momentum ( 
  
  
) cannot both be matched. Because of this mismatch 
some other means are needed to provide the additional momentum (increasing kx,photon). One 
possible way to solve the mismatch is to use prism coupling, utilizing a high refractive index 
prism and the attenuated total internal reflection method (ATR).[71] A common ATR 
configuration, and the one used in most commercial instruments (e.g. the instrument used in 
the work described in this thesis), is the Kretschman configuration (Fig.9).  
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Figure 9. Illustration of the Kretschman configuration. The use of a prism with dielectric 
constant εP increases the x-component of the photon wave vector, making it possible to couple 
to surface plasmons at the metal-dielectric interface at the angle ϴ when kSPP =kx,ph. The SPP 
decays exponentially from the surface into both adjacent medium and propagates along the x-
direction.  
In this configuration a prism is placed on "the other side" of the metal layer. Inside the prism 
the incident light undergoes total internal reflection, above a certain critical angle according to 
Snell's law (section 3.2), producing an evanescent wave which can penetrate through the 
metal layer, if  the metal is relatively thin (< 100 nm). The evanescent wave can then couple 
to surface plasmons at the metal-dielectric interface. Due to the fact that the dielectric 
constant of the prism is high (nprism ~ 1.52) the momentum will be larger compared to 
propagation in a less optically dense medium (nwater ~ 1.33), making coupling to the SPP at 
the metal-dielectric interface possible. The momentum of photons when using a prism with 
dielectric constant, εp, and incident angle θ is: 
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Combining Eq.14 and Eq.17 the angle at which coupling to the surface plasmon occurs using 
a prism coupler is found: 
 
 
              
    
         
  (18) 
 
Even if the Kretschman configuration is the configuration used in this thesis it should be 
noted that it is also possible to e.g. utilize a surface with a periodic structure, acting as a 
diffraction grating, to add additional momentum. Such a structure could for example consist 
of periodic holes in a thin metal film.[72]  
 
3.3.4 Fresnel models 
To model the situation that occurs when light travels between media of different refractive 
index it is possible to use Fresnel coefficients. Each coefficient has a value between zero and 
one, representing the fraction of light that is either reflected or transmitted. There will be two 
sets of equations depending on the polarization of the incoming light, one for s-polarized and 
one for p-polarized, but since only p-polarized light can excite SPP's these equations will be 
presented in this thesis. The coefficients for reflection and transmission of p-polarized light 
when moving from material j to material j+1 is:[73] 
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Where the first angle Θj is the incident angle of the light source. The new angle, when moving 
from one material to the next, is obtained using Snell's law as: 
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The formalism can be extended to an arbitrary number of layers, m, using the transfer matrix 
method. The transfer matrix, Ф, is calculated according to: 
 
  
 
         
 
          
          
    
                
                
  
     
   
 
 
         
 
          
          
  
(22) 
 
Once the full transfer matrix has been calculated the reflection coefficient in terms of intensity 
is obtained from the matrix: 
 
 
    
      
      
 
 
 (23) 
 
3.3.5 Sensing using SPR 
When coupling to SPP modes occurs the incident light will, instead of simply undergoing 
TIR, be converted into surface plasmons. If the amount of light which is reflected is measured 
for different incident angles there will be a minimum in the reflected light when coupling 
occurs (Fig. 10). The minimum of reflection will "shift" towards higher angles if the 
refractive index is increased, or towards lower angles if the refractive index is decreased; 
since the coupling condition for the surface plasmon is altered by changes in the refractive 
index (Eq. 18). This is the basis of surface plasmon resonance (SPR) instruments. Changes in 
refractive index occurring within the sensing volume of the surface plasmons can be divided 
in two cases: (1) changes occurring throughout the whole volume, often referred to as "bulk" 
changes, or (2) changes occurring in a layer with a certain thickness. For case 1 the response 
of the sensor is related to the change in refractive index by a bulk sensitivity factor, S 
(Response/Refractive index unit): 
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           (24) 
 
For case 2 there is also a need to account for the decay of the electromagnetic field with 
increasing distance from the surface. This can sometimes be accurately described by an 
exponentially decaying field:[71, 74, 75] 
 
 
            e
 
  
   (25) 
 
Note that for thick layer (d → ∞) the expression will be the same as that for bulk changes. 
 
Since the SPR minimum is sensitive to changes in the refractive index at the surface. The 
change in refractive index as molecules bind to the surface can also be related to the 
concentration of molecules binding by the refractive index increment, dn/dc: 
 
 
   
  
  
   (26) 
 
The expression can be written in terms of the surface coverage and thickness of the adsorbing 
layer[76]: 
 
 
   
  
  
 
 
 
 (27) 
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Figure 10. SPR spectrum showing a minimum in the reflectivity, θmin, when coupling to 
surface plasmons occur, and the TIR angle. When molecules bind to the surface the resonance 
position will shift towards higher angles,  θ. The TIR angle will depend only on changes in 
the outmost layer (usually air or the liquid used) making it possible to use it to determine 
changes in the refractive index of the medium used. 
   
3.3.6 Height determination using SPR 
There are many ways to characterize the thickness of a molecular layer on the nanoscale. The 
most commonly used being atomic force microscopy (AFM) and ellipsometry. SPR has also 
been suggested as a tool for such characterization.[77-79] With the growing use of SPR it is 
surprising that so few have tried to use it for height characterization of molecular layers. This 
might be because of the fundamental issue of separating the contribution of the refractive 
index and thickness of the layer to the SPR signal, since the position of the resonance minima 
is sensitive to both. Often this requires assumptions about either the thickness or refractive 
index, which might lead to wrong interpretations. Earlier studies of height determination 
using SPR has mainly focused on thin self assembled monolayers (SAMs). Some of these 
studies fit the measured data acquired at a single wavelength using Fresnel models to 
determine n and d. This is, however, very uncertain as a change in either the refractive index 
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or the thickness of the layer will change the spectrum in almost the same manner.[80] To 
overcome such issues other approaches have been suggested. One approach is to measure the 
SPR spectrum at two different wavelengths[77], however, the chromatic dispersion (change in 
refractive index for different wavelength) of the material needs to be known or approximated 
to find a unique solution. Another approach is to use a two-solvent approach, i.e. measure the 
layer in two different solvents and then model the spectra in both solvents, resulting in one 
unique solution[79]. The drawback with the two-solvent approach is that the unknown layer 
might behave differently in the two solvents (e.g. in water and ethanol), and has therefore 
mostly been used on short, quite rigid layers such as self- assembled monolayers (SAMs).  
 
3.3.7 Non-interacting molecules approach 
A more recent approach in trying to determine the thickness and refractive index of layers 
attached to a surface with SPR was developed by Schoch et al..[81, 82] In their approach the 
fact that the penetration depth of the surface plasmon is much greater than the thickness of the 
attached layers was used. The change in Θmin when exchanging the solution "on top" of a 
unknown layer will depend on how large portion of the surface plasmon field that the layer 
occupies (Fig. 11 and Fig. 12). In short the method is as follows: (1) a non interacting probe, 
the protein BSA, is injected over a surface coated with a polymer (with unknown thickness 
and refractive index) and also over a reference channel with a short ethylene glycol SAM 
(with known thickness and refractive index). (2)  The response obtained from the unknown 
layer and the known layer, in combination with an effective decay length, makes it possible to 
determine the height of the unknown layer using the following relation[81]: 
 
 
     
    
        
         (28) 
 
The thickness, d, is thus determined using: (1) the response from BSA measured in the 
reference channel, Rref, (2) the response measured for the unknown film, Runknown, and (3) the 
thickness of the reference layer, dref. Removing any assumptions regarding the refractive 
index of the layer, except for when determining the effective decay length.[81] 
 
This is the method used in paper I to determine the height of the grafted PEG layers.  
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Figure 11. Illustration of the difference in injecting BSA over a films with different height. 
The height of the layer determines how much of the electromagnetic field that is available for 
BSA molecules, with smaller heights leading to larger shift of the resonance and vice-versa. 
 
 
 
Figure 12. Example of BSA injections used to determine the height of PNIPAM using a non-
interacting approach. As can be seen the injections at 22 °C give a much smaller change in 
the minimum reflection compared to the injections at 40 °C. 
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3.3.8 Improved non-interacting molecules approach 
Since the original non-interacting molecule approach assumes an effective decay length it is 
not as accurate for layers with higher refractive index (n>1.4) when the sensitivity of the 
decay length to refractive index is more pronounced.[81] This is for example an issue for 
polymers that undergo a collapse, since the refractive index will increase compared to the 
solvated brush. Therefore, in paper II we describe an approach we call improved non-
interacting molecules to determine the thickness and refractive index of PNIPAM layers in 
both the extended and collapsed state. This method is based on the same principle as Schoch 
et al., i.e. that the BSA molecules will only be present in the solvent above the polymer film, 
but instead of assuming an effective decay length Fresnel models are employed (Fig. 13) 
(similar to the two-solvent approach). Also, the TIR angle is utilized to determine the 
refractive index change between the two solvents; which should minimize the error in the 
determined thickness in the same way as shown for the two wavelength approach.[83] In 
contrast to the original method, the improved method requires full angular spectra and not just 
the reflectivity minimum, which makes it incompatible with some SPR instruments. 
The method can be divided into the following steps: (1) the background (surface without 
polymer) is fit with Fresnel models to establish the initial parameters, (2) the angle of TIR in 
the SPR spectra is used to find the appropriate refractive index in PBS and during the BSA 
injection, (3) iteratively the spectrum in PBS is fitted by least square fitting for (1..i) pairs of d 
and n, (4) the same procedure is repeated but for the spectrum in presence of BSA to generate 
another set of d and n, (5) all pairs of d and n in PBS and BSA are plotted, (6) a solution 
representing the unknown layer is found at the crossing of the two curves (Fig. 14). 
Both the improved approach and the one used in paper I assume that there is little or no 
interpenetration of the BSA molecules in the unknown layer. If there would be 
interpenetration occurring the estimated thickness would be smaller (as the ratio between Rref 
and Runknown would decrease) than the "true value". One can say that the resulting height is that 
at which the probe cannot penetrate further into the brush. It is often, however, this thickness 
which is of interest. Another thing to note is that if reversible binding would occur, increasing 
the observed response from an injection, it would also lead to an underestimation. (QCM-D 
measurements does, however, confirm that no reversible binding of BSA occurs for the 
polymers studied in this thesis). If BSA could be replaced with e.g. PEG functionalized 
nanoparticles the non interacting methods could also be used to determine the thickness of 
layers which do interact and bind BSA .  
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Figure 13. (A) SPR spectra for a PNIPAM coated gold surface at 22 (blue) and 40 °C (red) 
in both PBS and during a BSA injection. In the improved non-interacting method the spectra 
in BSA and PBS is iteratively fitted with different pairs of n and d. (B) The TIR angle is used 
to compensate for changes in refractive index due to e.g. temperature changes, but also to 
determine the change in refractive index during the BSA injection. (C) SPR shift when 
injecting BSA. If the attached layer occupies a larger portion of the SPP field a smaller shift 
will be observed (blue lines) compared to when a smaller portion is occupied (red lines). 
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Figure 14. Determination of thickness and refractive index for a PNIPAM film at 22 and 40 
°C. All pairs of d and n from iteratively Fresnel fitting the spectra of PNIPAM in PBS (blue) 
and during BSA injection (red) are plotted and the unique solution is obtained at the 
intersection of the two curves. 
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4. Summary and outlook 
In paper I the development and characterization of a new grafting to method is described. The 
method is based upon using a solution with a high ionic strength (0.9 M Na2SO4) in order to 
increase the grafting density of PEG chains with molecular weights ranging from 2-20 kDa. 
By using a combination of SPR, QCM and atomic force microscopy the resulting brushes are 
characterized in terms of their height, grafting density and ability to prevent non-specific 
adsorption of serum proteins. The measured heights for this "close to the cloud point" strategy 
is shown to create dense PEG brushes, which follow the scaling laws predicted for a polymer 
brush by de Gennes. Brushes up to 10 kDa are shown to be very effective in repelling serum 
adsorption, preventing ~ 97 % compared to clean gold surfaces. 
In paper II ARGET-ATRP is used to grow PNIPAM brushes from gold surfaces. The 
growth is characterized both in real time, using SPR, but also on surfaces grown ex-situ (in 
glass jars) using the improved non-interacting method described in Ch. 3.6. The ability to 
determine the kinetics for grating from reactions in real time could be used to better 
understand how SIP reactions takes place and what makes them different to bulk 
polymerizations. Also, the findings confirm that the ARGET-ATRP method is suitable to 
create PNIPAM brushes with thicknesses up to  ~ 200 nm and that the collapsed thickness is 
4-5 times smaller than the extended height. 
This thesis is, as stated in the introduction, the first steps towards creating functional 
plasmonic nanopores. At present stage the protocols needed to create different kind of 
polymer brushes have been established and characterized. Of special importance is the height 
characterization as this is a key feature in order to create polymeric gates that are large 
enough to cover the opening of nanoholes. Also of interest are the polymers protein rejection 
properties as this will allow further work with more complex samples, such as serum. The 
following paragraphs provides an outlook of how the different plasmonic nanostructures (Fig. 
15 & Fig. 16) that we work with could be used in combination with the polymers addressed in 
this work. 
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4.1 Nano-sieves using PEG 
A possible application for PEG brushes attached to nanopores could be to create nanoscale 
sieves. These sieves would have both filtering properties, allowing molecules of certain size 
to pass faster or slower, and plasmonic properties making label-free detection possible. This 
combination of filtering with sensing could possibly increase the limit of detection of 
molecules in complex samples such as serum.  Our work on this topic has already begun and 
in combination with holes of ~ 60 nm in size[84] the prospect of using the nanohole arrays as 
sieves seems promising.  
Another interesting outlook would be to use the nano-sieve structure in an attempt to mimic 
the facilitated transport of the nuclear pore complex. Possibly, this could be done with the use 
of PEG-antibodies which could be shuffled through the openings due to their interactions with 
PEG, while other molecules would be prevented. PEG-antibodies coupled with other 
molecules could then act as carriers for proteins, or other molecules, across these openings. 
 
 
Figure 15. Nanohole array in a gold film. The diameter of each hole is ~ 60 nm but can be 
tuned to different sizes.  
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4.2 Active gating using PNIPAM 
When PNIPAM undergoes a collapse at ~32 °C it is accompanied with a change in height of 
4-5 times. This effect might be used as a way to actively open or close nanoscale openings, 
such as nanopores, (Fig. 16) using a small temperature increase. Such a temperature increase 
can easily be generated in the hole and nanopore arrays. By using the fact that the holes in the 
metal film increases the resistivity it is possible to heat the film using joule heating.[85] This 
heating works for all types of hole arrays that we're currently working with. Preliminary 
results indicate that it is possible to open and close different kinds of hole arrays in this 
manner, but if it is possible to entrap something remains to be investigated. 
 
 
Figure 16. Nanopore membrane cross section. The membrane consists of one silicon nitride 
layer sandwiched between two gold layers with a total thickness of ~ 100 nm. 
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